Abstract: Two 24 h in vitro batch culture experiments were conducted to investigate the effects of fumarate addition (10 mmol L −1 ) on the ruminal fermentation parameters of selected medicinal herbs, and the effects of different doses of fumarate (0, 10, or 30 mmol L −1 ) on ruminal metabolism of organic acids when a high-concentrate diet (meadow hay and barley grain, 400/600, w/w) was supplemented with a mix of medicinal herbs (Artemisia absinthium L., Melissa officinalis L., Malva sylvestris L., Matricaria chamomilla L., Plantago lanceolata L., Foeniculum vulgare Mill., and Althaea officinalis L.). Depending on the concentration, fumarate treatment decreased methane production (by 10-11%) and increased propionate proportions (by 5-13%) with high-concentrate diets. The organic acid (fumaric, succinic, malic, and lactic acid) concentrations in the batch culture were measured at intervals of 0, 4, 6, 12, and 24 h. The time and organic acid concentrations with 10 mmol L −1 fumarate were well correlated (R 2 = 0.846). The amount of succinate was accumulated and metabolized more slowly than that of fumarate (>24 h). The addition of fumarate and a herb mix could positively influence in vitro ruminal fermentation parameters of high-concentrate diets by increasing the levels of propionate and succinate as well as the pH, and by decreasing of methane emissions.
Introduction
The current world trend in the production of ecologically pure foods has increased the demand for various natural feed additives for ruminant nutrition that change the microbial ecosystem and have a positive influence on the human organism (Erb et al. 2012; Reisch et al. 2013) . Fumarate is an intermediate of one of the pathways of propionate formation, and its effects (from 0 to 30 mmol L −1 fumarate) on ruminal methanogenesis and concentration of short-chain fatty acids in different types of diets have been evidenced (García-Martínez et al. 2005; Mao et al. 2007; Reis et al. 2014) . Fumarate has been studied as a potential feed additive to decrease methane production in ruminants (Carro and Ranilla 2003; García-Martínez et al. 2005; Newbold et al. 2005) . However, it is only one of the alternatives for improving the efficiency of feed through antimicrobial compounds that stimulate the activity of specific ruminal microbial populations (Martin 1998; Mamuad et al. 2012 Mamuad et al. , 2014 . The majority of added fumarate with an initial concentration of 20-30 mmol L −1 disappeared after 6 and 9 h of incubation , and only minimal amounts of fumarate remained in batch culture after 24 h Martin 1996, 1997) . The effects of fumarate on ruminal parameters through a metaanalysis of its effects on batch culture were reported by Ungerfeld et al. (2007) .
Active compounds in medicinal herbs have also been tested in vitro for their antimicrobial activity and their ability to decrease rumen methane emissions (Bodas et al. 2012; Patra et al. 2006; Patra and Saxena 2010) . Rhizomes and roots of Rheum officinale, bark of Frangula alnus, and bulbs of Allium sativum were the most effective in decreasing methane production . screened more than 450 plant species for their effects on methane production, with 15% methane depression found in six plants: Carduus pycnocephalus, Populus tremula, Prunus avium, Quercus robur, Rheum nobile, and Salix caprea. Addition of fumarate (5-15 mmol L −1 ; monosodium fumarate) together with essential oil active components can decrease methane production by greater suppression of methanogens (Lin et al. 2013) . However, little information is available on the potential of coupled addition of fumarate with medicinal herbs (in the form of dry whole herbs) to modify ruminal fermentation patterns. Altering the ruminal metabolism of organic acids by a high-concentrate diet with a mix of medicinal herbs and exogenous fumarate addition could influence fermentation characteristics in rumen environment.
Therefore, this paper reports the results of in vitro experiments investigating (1) the effect of fumarate addition (10 mmol L −1 ) on the ruminal fermentation parameters of selected medicinal herbs and (2) the effects of different doses of fumarate (0, 10, and 30 mmol L −1 ) on the ruminal fermentation parameters and metabolism of organic acids when a high-concentrate diet is supplemented with a mix of medicinal herbs.
Materials and Methods

Rumen fluid and fermentation in vitro
The rumen fluid was collected from three ruminally cannulated rams (Lacaune versus Suffolk; 2 years of age; 45.0 ± 2.5 kg weight) before the morning feeding using a manual vacuum pump into a prewarmed (39 ± 0.5°C) collection vessel (2 L) filled with CO 2 . The rams were housed separately in pens and fed a diet consisting of 800 g kg
DM meadow hay and 200 g kg −1 DM barley grain per day in two equal proportions with free access to water. Animals used in the experiments were cared for under guidelines comparable with those laid down by the Canadian Council on Animal Care. The experimental protocol was approved by the Ethical Committee of the Institute of Animal Physiology Slovak Academy of Sciences and State Veterinary and Food Office (Ro-2061/ 13-221) of the Slovak Republic. Rumen fluid was transferred to the laboratory in a water bath preheated to 39 ± 0.5°C, squeezed through four layers of gauze, combined among sheep, mixed with McDougall's buffer (McDougall 1948 ) at a ratio of 1:1 and purged with CO 2 . Volumes of 35 mL (pH 6.8) were dispensed by an automatic pump into preheated 120 mL serum bottles containing 0.25 g of substrate on a DM basis. The fermentation bottles were filled up with CO 2 , closed with a butyl rubber stopper, sealed with aluminum crimp caps, incubated in the incubator for 24 h at 39 ± 0.5°C, and mixed periodically. In vitro 24 h batch culture incubations of rumen fluid were used as described elsewhere Lin et al. 2013; Reis et al. 2014 ).
Substrates, additive, and treatment
Substrates (selected medicinal herbs, a mix of the medicinal herbs, meadow hay, or barley grain) were ground through a 0.15-0.40 mm screen using a grinder (Molina, MIPAM, České Budějovice, Czech Republic) or standmixer (ASSISTANT M 2600, Berlin, Germany), respectively, and fermented in vitro with buffered rumen fluid. Meadow hay consisted of timothy, orchard grass, bluegrass, and some fescue. The following seven dry herbs from commercial sources (AGROKARPATY, Plavnica, Slovak Republic) were used as substrates for experiment 1 (selected medicinal herbs) and experiment 2 (a mix of the medicinal herbs): herb overgrounds of wormwood (Artemisia absinthium L.) and lemon balm (Melissa officinalis L.), flowers of mallow (Malva sylvestris L.) and chamomilla (Matricaria chamomilla L.), leaves of ribwort plantain (Plantago lanceolata L.), seeds of fennel (Foeniculum vulgare Mill.), and roots of marshmallow (Althaea officinalis L.). The active compounds (e.g., secondary compounds mainly tannins, essential oils, and glycosides) were presented in the majority of these plants by qualitative tests (Wencelová et al. 2014) . These herbs also formed the basis of the mix of the medicinal herbs (A. absinthium 3%, M. officinalis 17%, M. sylvestris 17%, M. chamomilla 17%, P. lanceolata 17%, F. vulgare 12%, A. officinalis 17%). The selections and proportions of herbs in the mix of the medicinal herbs were based on information available about their beneficial effect in traditional human medicine: their carminative and anti-inflammatory effects (Kresánek and Kresánek 2008) . The dry medicinal herb materials were mixed (experiment 2) in equal proportions and the mixture of the medicinal herbs was standard throughout the in vitro experiment. The meadow hay was used as forage and barley grain as concentrate in two high-concentrate diets [meadow hay : barley grain (400/600, w/w) or mix of medicinal herbs : meadow hay : barley grain (100/300/600, w/w/w)]. Fumarate (disodium salt; Sigma, Madrid, Spain) was added to the incubation medium to achieve the final fumarate concentrations of 0, 10, or 30 mmol L −1 .
Experimental design
Two in vitro experiments were performed. Only one dose of fumarate (10 mmol L −1 ) was used in experiment 1, whereas three doses (0, 10, and 30 mmol L −1 ) were used in experiment 2. Experiment 1 consisted of fermentations with each of the seven herbs used as the sole substrate. Three replicates (three incubation bottles) were prepared for each herb and experiment 1 was repeated three times within three consecutive days (n = 3 × 3). Experiment 2 consisted of fermentations of the two high-concentrate diets (i.e., meadow hay : barley grain and mix of the medicinal herbs : meadow hay : barley grain). To measure the quantity of the organic acids (fumaric, succinic, malic, and lactic acid), the fermentation fluid was sampled at intervals of 0, 4, 6, 12, and 24 h. Therefore, three replicates (three incubation bottles) were prepared for each diet and interval of sampling, respectively, and the experiments were repeated three times within three consecutive days (n = 3 × 3). At the same time, three replicate bottles were also used for the blank (rumen inoculum, no substrate).
Measurements and chemical analysis
The volume of accumulated gas released from the batch culture was determined from the recorded pressure or the volume of gas produced after 24 h using a mechanical manometer fitted to a transducer (Premagas, Stará Turá, Slovak Republic), as described by Váradyová et al. (2005) . The pH in the batch culture was measured using a pH meter (InoLab pH Level 1, Weilheim, Germany). A liquid sample (4 mL) was taken for subsequent ammonia N analysis. The concentration of ammonia N was determined in the supernatant fluid by the phenol-hypochlorite method (Broderick and Kang 1980) . In vitro dry matter degradability (IVDMD) was estimated from the difference in the substrate weight before and after incubation. The contents of the batch culture were transferred into a tube and centrifuged at 3500 × g for 10 min. The residues were washed twice with 50 mL of distilled water, centrifuged, and dried to a constant weight at 105°C for 3 days (Mellenberger et al. 1970) .
Chemical analysis of the substrates was performed in triplicate. Dry matter (DM; method 967.03), ash (method 942.05), and crude protein (method 990.03) were determined according to standard AOAC methods (AOAC 1990) . The acid detergent fibre (ADF) and neutral detergent fibre (NDF) were determined through a procedure (Van Soest et al. 1991 ) using an Ankom 2000 Fiber Analyzer (Ankom Technology, Macedon, NY, USA). In forages, NDF was assayed without heat-stable amylase and expressed inclusive of residual ash. In concentrates, aNDF was assayed with a heat-stable amylase and expressed inclusive of residual ash. Acid detergent fibre was expressed inclusive of residual ash. The chemical composition of the individual medicinal herbs, the mixture of medicinal herbs, the meadow hay, and the barley grain is presented in Table 1 .
Analysis of short-chain fatty acids and methane by gas chromatography Sample preparation
At the end of incubation, the fermentation was stopped by swirling the bottles in ice water. The content of each bottle was filtered through four-layer gauze and 1 mL of liquid effluent was mixed with 0.25 mL of internal standard solution (IS) of crotonic acid (98%; Sigma Table 1 . Chemical composition of herbs and diet substrates (n = 3).
Common name Scientific name
Part used Aldrich, Steinheim Germany). The mixture was held at laboratory temperature for 30 min. Finally, the mixture was centrifuged at 1674 × g for 15 min at laboratory temperature. Analyses of SCFAs were carried out by gas chromatography; 1 μL of sample was directly injected into a PerkinElmer Clarus 500 gas chromatograph (Perkin Elmer, Inc., Shelton, CT, USA). For methane determination, 1 mL of gas using a gas-tight syringe (GASTIGHT Syringes, Hamilton Bonaduz AG, Switzerland) was sampled to the gas chromatograph injector. Standards of SCFA (acetic, propionic, and n-butyric acid) with purities higher than 99 and 1% gas methane (Sigma Aldrich, Steinheim, Germany) were used for constructing the calibration curve.
Gas chromatography
A gas chromatograph equipped with a flame ionization detection (FID) system for estimating SCFA and methane was used. Separation of SCFAs was performed using a stainless steel packed column (2 m × 2 mm i.d.) with a phase composition of 10% Carbowax 20M-TPA + 1% H 3 PO 4 on a 100/120 Supelcoport (Supelco, Bellefonte, PA, USA) and peaks at retention times of 3.3, 4.7, and 6.8 min for acetic, propionic, and n-butyric acid, respectively, were quantified. Analyses of methane were carried out using a 10% Squalane Chrom P mesh side 80/ 100, 2 m × 2 mm i.d. (Supelco, Bellefonte, PA, USA) packed column, and a peak was observed at 0.33 min. The column oven temperature was programmed at 150°C for SCFA and 50°C for methane, respectively. Injector and detector temperatures were programmed at 230°C for SCFA and 100°C for methane, respectively. The gas flow rates were 40 mL min −1 for hydrogen and 400 mL min −1 for air in both analyses. The average nitrogen carrier gas flow was set at 36 psi for SCFA and 14 psi for methane, respectively.
Organic acid analysis by HPLC-MS/MS Chemicals
Standard LC-MS grade solutions (≥99%) of fumaric (CAS: 110-17-8), succinic (CAS: 110-15-6), malic (CAS: 6915-15-7), and lactic acid (CAS: 50-21-5), and methanol (99.9%) were used (Sigma Aldrich, Steinheim, Germany). The mobile phase was prepared by dissolving formic acid (98%) of LC-MS grade (Sigma Aldrich, Steinheim, Germany) in ultrapure water obtained from Werner EASYpure II UV/UF (Wilhelm Werner GmbH, Leverkusen, Germany).
Calibration standard curve
For quantification of the organic acids, we prepared six calibration standards ranging from 0.1 to 50 mmol L −1 for fumaric, succinic, and malic acids, and from 0.1 to 5 mmol L −1 for lactic acid. The calibration curves were constructed by plotting peak area ratios against the ratios of analyte amount. Good linearity was recorded for each organic acid (R 2 from 0.993 to 0.999).
Sample preparation
After incubation the rumen fluid samples (2 mL) were centrifuged at 10 000 × g for 30 min at 8°C and were stored at -20°C until required for analysis. Deproteinization of the samples (500 μL) was performed by mixing in an equal amount of methanol and then centrifuging at 1674 × g for 15 min. The organic acid containing supernatant was diluted with 0.1% formic acid (pH = 2.45) at a ratio of 1:10, filtered through a 0.22 μm cellulose acetate syringe filter, and injected directly into the LC system. Duplicate analyses were performed on all samples.
HPLC-MS/MS analyses
An Ultimate 3000 HPLC system (Dionex, Sunnyvale, CA, USA) equipped with a Nucleosil C18 250 mm × 4.6 mm, 5 μm particle size analytical column (MachereyNagel, Düren, Germany) was used for separation of the four organic acids. Formic acid (0.1%, pH = 2.45) filtered through a 0.45 μm nylon membrane was used as the mobile phase at a flow rate of 0.6 mL min −1 . The column temperature was set at 30°C and the injection volume was 10 μL. The mass spectral analysis was performed on an API 2000 triple quadrupole mass spectrometer (AB Sciex, Framingham, MA, USA) with electrospray ionization (ESI) in the negative-ion mode, using the following operation parameters: capillary voltage of 4.0 kV; nebulizer pressure of 50 psi (345 kN m −2 ); drying gas (nitrogen) flow of 6 L min −1 ; drying gas temperature of 450°C. Quantitative analyses for organic acids (fumaric, succinic, malic, and lactic acids) were done via multiple reaction monitoring (MRM) in negative mode to give the highest sensitivity and selectivity. The transition ions monitored had mass to charge ratios of m/z 115→71, 117→73, 133→115, and 89→43 for fumaric, succinic, malic and lactic acids, respectively. These transitions were used for quantification of organic acids in the rumen fluid samples. The collision energies were found for each analyte and were set as follows: 8 V for fumaric acid, 15 V for malic acid, and 20 V for succinic acid and lactic acid.
Statistical analysis
Data were analyzed as completely randomized design (CRD) using PROC MIXED (SAS Institute Inc. 2003). Orthogonal polynomial contrasts were performed to determine linear and quadratic effects of fumarate treatment. The values of fumarate, succinate, malate, and lactate at 0, 4, 6, 12, and 24 h with fumarate addition of 0, 10, and 30 mmol L −1 in high-concentrate diets were compared by determining the Pearson correlation coefficients (GraphPad Instat; GraphPad Software Inc., San Diego, CA, USA). Table 2 shows the effects of fumarate treatment and herbs on the fermentation parameters. There were no effects (P > 0.05) of fumarate on IVDMD and gas production, but all of the measured fermentation parameters were significantly influenced by the incubated herb. The values of IVDMD for M. chamomilla, P. lanceolata, and F. vulgare were decreased and the values of IVDMD for A. officinalis, M. officinalis, and M. sylvestris were increased during the 24 h incubation, with a fumarate dose of 10 mmol L −1 . Althaea officinalis showed the highest value of IVDMD of all the herbs tested. There were significant effects of fumarate on ammonia N, methane, and SCFA. The interactions of the herb and fumarate (herb × fumarate) occurred in the values of ammonia N and methane (P < 0.027 and P < 0.030, respectively). Fumarate treatment increased (P < 0.001) the total SCFA concentration and molar proportion of propionate and decreased (P < 0.001) the molar proportion of acetate and n-butyrate.
Results
Experiment 1
Experiment 2
The effects of fumarate and diet on IVDMD, gas, methane, pH, ammonium N, and total and individual SCFA are shown in Table 3 . The addition of fumarate increased linearly (P < 0.001) the final pH, total SCFA, and the molar proportion of propionate and decreased methane production (P < 0.021) and the molar proportion of acetate and n-butyrate (P < 0.001). There were no effects (P > 0.05) of fumarate on the ammonia N, whereas an effect (P < 0.001) of diet on ammonia N was detected. Effects of diet and interactions between fumarate and diet were detected for IVDMD (P < 0.003 and P < 0.004, respectively), pH (P < 0.027 and P < 0.023, respectively), total SCFA (P < 0.011 and P < 0.005, respectively), propionate (P < 0.003 and P < 0.003, respectively), and n-butyrate (P < 0.013 and P < 0.020, respectively). Table 4 summarizes the quantification of organic acids measured after 0, 4, 6, 12, and 24 h of incubation with high-concentrate diets. The succinate, malate, and lactate were rapidly metabolized without fumarate addition. With 10 mmol L −1 fumarate, the succinate was highest at the second (4 h) and third (6 h) time points of incubation (13.7 and 12 mmol L −1 , respectively) and after 12 h was metabolized. Fumarate, lactate, and malate were rapidly metabolized with 10 mmol L −1 fumarate (<4 h); however, a significant (P < 0.027) correlation (r = −0.920; R 2 = 0.846) was detected between time and concentrations of organic acids with 10 mmol L fumarate, and afterwards succinate was slowly metabolized (>24 h). Note: IVDMD, in vitro dry matter digestibility; SCFA, short-chain fatty acids.
Discussion
The IVDMD of individual herbs showed a higher value for the examined herb root (A. officinalis) compared with flowers, seeds, leaves, and plant overground. This finding for the IVDMD of herb root can be ascribed to the content of the more digestible root storage carbohydrates such as inulin (Schütz et al. 2006) . In experiment 1, the IVDMD values are consistent with the prior IVDMD values for herb roots of Taraxacum officinale and Acorus calamus, which reached 770-800 g kg −1 DM (Wencelová et al. 2014) . A decrease in methane production without inhibitory effects on total gas and IVDMD in selected medicinal herbs is probably due to the presence of active compounds in the herbs. This is also consistent with the antimethanogenic effect of Rheum nobile and Carduus pycnocephalus , Mentha piperita (Zmora et al. 2012) , Quercus and Vaccinium vitis idaea (Cieslak et al. 2014a) , and Saponaria officinalis (Cieslak et al. 2014b) , which consistently decreased methane production without adversely affecting other parameters of rumen fermentation in vitro. An adverse effect on IVDMD of the root of A. officinalis with 10 mmol L −1 fumarate was observed. Conversely, the fumarate increased the IVDMD of M. chamomilla, P. lanceolata, and F. vulgare. This could be ascribed to microbial growth efficiency (García-Martínez et al. 2005) or the affected concentration of ammonia N in batch culture.
The reduction of ammonia N concentration in selected medicinal herbs could be explained by greater utilization of the ammonia N produced by the microorganisms because these microorganisms have access to a readily available energy source, an increasing of microbial protein synthesis, or a reduction using amino acids as a microbial energy source (Nocek and Russell 1988) . A decreasing in the ammonia N concentration with different fumarate doses (5-24 mmol L −1 ) in vitro has also been reported by other authors (García-Martínez et al. 2005; Sirohi et al. 2012; Yu et al. 2010) . Differences in ammonia N concentrations (i.e., M. chamomilla and F. vulgare) could be explained by differences between hyper-ammonia-producing bacteria that are capable of utilizing certain substrates and thereby producing ammonia N on various substrates (Eschenlauer et al. 2002) .
However, various herbs did not behave identically and the chemical composition of the herbs and their effects on the variables were different. Cell wall isolated from grasses like NDF and ADF is fermented more readily than cell wall in the unfractionated forage by rumen microorganisms in vitro (Kennedy et al. 1999) ; however, increasing the content of NDF and ADF suppresses microbial activity through a reduction in the availability of rapidly fermented carbohydrates (Wilson and Hatfield 1997) . Differences in the chemical composition of the herbs (e.g., NDF, ADF, CP) can influence the concentration of SCFA (Njidda and Nasiru 2010) and the ruminal pH and can inhibit methanogen growth, thereby reducing methane production per unit of OM fermented (Van Kessel and Russell 1996) .
In the current study, the SCFA, acetate, propionate, and butyrate values varied among the individual herbs, and they were increased (total SCFA, propionate) or decreased (acetate, n-butyrate) probably by the accumulation of hydrogen due to the inhibition of methane by fumarate. It is evident that the fumarate significantly decreased methane production with all herbs in experiment 1. As hydrogen is used to reduce fumarate, there is a decrease in the availability of hydrogen for methanogenesis in the rumen, which could decrease methane production (Carro and Ranilla 2003) . The addition of fumarate can increase the SCFA concentration with different feeds, e.g., maize, barley, wheat, sorghum, cassava meal, cracked corn, hay, molasses, and fish meal (Callaway and Martin 1996; López et al. 1999; Newbold et al. 2005) ; however, the SCFA values were within the respective SCFA values of meadow hay or wheat straw in ruminal fermentation in vitro (Váradyová et al. 2005) .
The beneficial effect of fumarate and medicinal herbs on fermentation parameters was not fully confirmed with high-concentrate diets (i.e., meadow hay : barley grain and mix of the medicinal herbs : meadow hay : barley grain). The findings concerning the effect of fumarate on methane, pH, and total and individual SCFA were consistent with other studies with different concentrations (from 8 to 30 mmol L −1 ) of fumarate with varied diets in vitro Iwamoto et al. 1999) . However, 30 mmol L −1 fumarate had an adverse effect on the IVDMD (30% decrease) of high-concentrate diets. Sirohi et al. (2012) also reported a similar effect with 15 mmol L −1 fumarate in high-fibre diets in vitro. In addition, similarly to Sirohi et al. (2012) , the changes in total and individual SCFA within the range of the physiological fermentation pattern were observed. The results confirmed that fumarate is effect-dependent on many factors, such as the type or nature of diet, concentration of fumarate, ruminal pH, and different microbial community in batch culture.
In agreement with other studies López et al. 1999 ) with diets of varying composition, the addition of fumarate increased pH with high-concentrate diets. It is clear that rumen pH and the type of diet fed to donor animals have an important effect on forage digestibility, probably due to changes in the ruminal microbial population (Vargas et al. 2009 ). An effective increasing of the pH by fumarate addition in vitro of diets differing in their forage-to-concentrate ratio was also reported by Mao et al. (2007) . This could be due to the stimulation of lactate utilization by the predominant ruminal bacterium Selenomonas ruminantium (Nisbet and Martin 1993) , thus decreasing lactate concentration mainly after 6-12 h of fermentation (Li et al. 2009; Martin and Streeter 1995) .
HPLC-MS/MS for quantification of organic acids in a ruminal environment was used for the first time in the study. It seems that the addition of a fumarate dose of 30 mmol L −1 in vitro caused an accumulation of favorable succinate and that succinate metabolized more slowly than fumarate (>24 h). The fumarate was metabolized after 6 h and methane production was reduced. Most of the fumarate and succinate produced was metabolized to propionate with an increase in total SCFA production and a decrease in acetate and butyrate. Fumarate, with an initial concentration of 20-30 mmol L −1 , disappeared after 6 and 9 h of incubation , and only minimal amounts of fumarate remained after 24 h in batch culture Martin 1996, 1997) . These findings are consistent with results of present experiment; however, incubation time and the concentration of organic acids were well correlated with high-concentrate diets with 10 mmol L −1 of fumarate. In addition, one recent study reported that supplementation of fumarate-reducing bacteria Mitsuokella jalaludinii in vitro can reduce methane production at 48 and 72 h of incubation and significantly increase succinate at 24 h (Mamuad et al. 2014 ).
Conclusion
The findings of this study suggest that the use of 10 or 30 mmol L −1 fumarate and a mix of medicinal herbs could positively influenced fermentation parameters by increasing the pH in batch culture, as well as increasing propionate by 5-13%, and decreasing methane emissions by 10-11% for high-concentrate diets. Depending on the type of substrate and the fumarate concentration, fumarate could influence organic acid metabolism and in vitro dry matter digestibility of high-concentrate diets. In vivo studies are required to validate these results.
